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Trivial electron transfer process
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ionization

The hydrogen atom (radical) formed can undergo
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Trivial energy transfer process (radiative transfer)
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Formation of an activated complex . |
Diffusion rate constants can be estimated form

° the Smoluchowski-Stokes-Einstein equation:

I = ART [ m3 ]
aiff — 3n Lmol-s

@ For typical non-viscous organic solvents
(benzene, acetonitrile, hexane) at room
» temperature, n ~ 1-10 cP (1Pa s=10 P)

kairr =~ 3-10°—3-1010 M~1571

For electron and energy transfer requiring an
activated complex, this is the fastest rate at
which these processes can occur.



Relation between thermodynamics and kinetics
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Kinetics of quenching
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To,p is the fluorescence lifetime of D in the absence of the quencher. k is the bimolecular quenching contant

(electron or energy transfer)

I and I are the fluorescence intensities of the Donor with and without quencher, respectively.



Photoinduced electron transfer
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Rehm-Weller plots Donors
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The quenching rate seems to be saturating even though the driving force is increased. Since the saturation value is

atkgirr ~ 2-10' M~1s™! this saturation indicates diffusion limitation

-0

Dieter Rehm and Albert Weller, Isral. J. of Chemistry, 1970, Vol. 8,, pp.259-27I



Non-radiative energy transfer processes

1) Exchange electronic energy transfer, where *R is an energy donor, M is an energy acceptor. *R +
M - R + *M, referred to as Dexter Energy Transfer

Interaction between *D and A is made through the overlap of orbitals of *D and A

2) Dipole—dipole electronic energy transfer, where *R is an energy donor, M is an energy
acceptor, where *R + M - R + *M, referred to as Forster Energy Transfer

Interaction between *D and A is made through space by the overlap of the dipolar
electric fields of *D and A



Non-radiative energy transfer Farsler ‘
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Distance dependence of non-radiative energy transfer
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Forster resonance energy transfer (commonly termed FRET) is widely used in photobiology as a ruler to

determine distances between chromophores, sometimes strategically placed to examine special features
or conformations of molecules
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Biosensor based on FRET

Detection of conformational chage Detection of protein-protein interaction

rw FRET
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cRaf, open conformation cRaf, closed conformation

Not only the emission intensity/spectra, but also the emission lifetime can be used in the analysis

M. Matsuda et al., Pathology International. 2020;70:379-390.



Occurrence of Dexter energy transfer: Triplet-triplet annihilation (fusion)
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Photodynamic therapy (Dexter Exchange)

Photodynamic therapy is a two-stage treatment that combines light energy with a medicine called a
photosensitizer. The photosensitizer kills cancerous and precancerous cells when activated by light, usually from a
laser. The photosensitizer is nontoxic until it is activated by light. .

Sensitizer (S, ) —~— Sensitizer(S,) —2> Sensitizer(T))
Sensitizer(T))+ O, (° 2, )—0, (lAg ) + Sensitizer(S,)

0,('A )+ cancer cell——> oxidation

PHOTODYNAMIC THERAPY

HO G M

Haematoporphyrin

—®

Person with
cancer receives
adrug called a

photosensitizer.

In 24 to 72 hours,

cancer cells
absorb the
photosensitizer.

Cancer cells that
absorbed the
photosensitizer
are exposed

to light.

_

Light causes
photosensitizer
to make a form
of oxygen that
kills cancer cells.

9,

cancer.gov/about-cancer/treatment/types/photodynamic-therapy
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Three electrode electrochemical cell
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Mass transfer limited kinetics of electrode reactions

3 RT €,
i E(OIR) = E® +—In 2

4 mass transfer

Nernst equation: rapid exchange kinetics
E(O|R)

RT i,—i
E(O|R) = E® + — In-

(9




Free energy

Kinetics of electrode reactions

kg The values of k¢ and k;, depend on the applied electrode potential E
O+ne —— R
4
kb AGC:!: — G(TC + anFE kf = Afe_AGc/RT
! AG; = G§a — (1 — a)nFE II: k, = Abe—Aij/RT

At equilibrium: ks Cy = kj;Cg and we can write
kf — k}ge—anFE/RT kb — kge(l—a)nFE/RT

At the standard redox potential E° we have C, = Cr we have
kr =kp =k (standard rate constant)

kf — kO = k]ge_anFEO/RT kb = kO = kge(l_a’)nFEo/RT

[
»

Reaction coordinate .
Therefore we can write: kp = koge~@nF(E-ED)/RT

ky, = koe(l—a)nF(E—EO)/RT



L =1i.— 4
— nFAkO[COe—anF(E—EO)/RT _ CRe(l—a)nF(E—EO)/RT]

(Butler-Volmer equation)

ko is a measure of the electron transfer rate
constant from the electrode to the redox couple

and vice versa.

1 -

At equilibrium conditions i, = i, and the net current i =
0. is the electrode to the redox couple and vice versa.

nFAk, Coe—anF(E—EO)/RT = nFAk, CRe(l—a)nF(E—EO)/RT

This is equivalent to the Nernst equation:

(1—a)nF(E-EO) 0
S _, RT +anF(E~E°)/RT _ ,nF(E—E°)/RT
CR

One can define the exchange current i, which flows
back and forth from the redox couples to the electrode

(one can start from O or R species):

iO = nFAk()COe_anF(E_EO)/RT

For C; = Cp = C we can show that :

iO = nFAk()C



Cyclic voltammetry

The potential is swept linearly at rate v in V/sec:

E(t) =Ei—vt

Co(0,t) _ __ ,nF(E;—vt—E®)/RT

This situation is different form the previous one
described at constant potential. Mass transport
with the diffusion of O and R comes into play.

v

Eyyo E(t)

By reversing the sweep direction one obtains a cyclic
voltammogram:

[ 4

lp T

—_— E1/2 >
W E(t)

Assuming that the electrode reactions are at equilibrium
and starting from oxidized species only, one can show that:

i = (2.69-10%) - n3/24D}*v1/2¢,

and
E E = —1.09 (RT)
P 1/2 — y nF

Note: for a perfectly reversible system E; /, = E°



Cyclic voltammetry (in general mass transport limited kinetics)
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Fuel cells: Batteries:

Copper-Zinc battery
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Li-ion batteries:
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Electron transfer in heterocatalysis
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Chemical reactions

Redox processes are defined as reactions accompanied by oxidation-state changes: an increase in an atom’s
oxidation number corresponds to an oxidation; a decrease, to a reduction.

Group (vertical) 1 2 3 4 5 6 T 8 9 0 11 12 13 14 15 16 1M 18
Period (horizontal}

| =
Example:
1 [
3 =
. 2Na(s) + Cl,(g) > 2NaCl(s)
4
; =
Na - Na" +e”
B
. Na - Na" +e”
f . Ch+2e > 2CI
: Na* + CI~ = NaCl lattice
Lanthanides
Actinides 1 ; ﬁ | 13

Periodic table of electronegativity using the Pauling scale



Chemical equilibrium

Esterification, hydrolysis reaction: Autoionization of water:
o) K O
| + CH,CH30H = | + H0
2 3 PN
H,C~ OH H,C OCH,CH,4 ® o
H,0 H™ + OH
kester
CH;COOH+ CH;CH,0H = CH;COOCH,CH,;+H,0
khydro KW _ [H +] [OH —] —10~14 = kionization
krecombination
K = [CH3COOCH2CH3][H20] 4= Kester
¢ [CH,COOH][CH,CH,OH] Khyaro

AGE,.,= —RTIn4 = —3435 ) mol!



Combustion reactions

CH

CH,

i
a +
i

CH, (g) + 20, (g) - CO, + 2H,0(g)

-+

20,

20,

@
e ®9

co.

e ®5

CO

9

+ 2H.0

/2

+ 2H.0

Hydrogen abstraction

CH4+0OH-->CH3 +H20 Carbon in CHz- = -3

Carbon in peroxy
radical = -1

CH3-+02—->CH302-

CH302-->CH20+0H- Carbon in formaldehyde = 0
Oxygen in formaldehyde = -2

CH20+0OH-->HCO-+H20 Carbon = +1; Oxygen = -2
HCO-+02->CO+HO2- Carbon in CO = +2

CO+OH-->CO2+H- Carbonin CO2 = +4

Carbon has lost 8 electrons total
Oxygen has gained those electrons gradually across bonds



Photoinduced Spiropyrane-Merocyanine isomerization

NO,
uv Color change upon irradiation with 500 nm light
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Phys. Chem. Chem. Phys., 2010, 12, 13737-13745



Measuring molecular orbitals via scanning tunneling microscopy (STM)
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JW.G. Wildoer, C. Dekker et al, Nature 391, 59 (1998).

Top panels: experimental STM images of one phthalocyanine molecule adsorbed at
an off-center pore site of a nanomesh obtained by different bias potentials. Left Vb =
2 eV, middle Vb =1 eV, right Vb = +1 eV. Bottom panels: simulated STM images of the
offAl optimized structure, also obtained with the same three bias potentials

M. lannuzzi et al., Phys.Chem.Chem.Phys.,2014, 16, 12374



Silver halide photography

Photographic sensitizers
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Energy and electron transfer processes optoelectronics
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https://doi.org/10.3390/mi12060652

Energy and electron transfer in biological systems Plant photosynthesis
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Organic photovoltaic devices
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Dye lasers with energy transfer

The arrows indicate the pumping (green),
emission (red) and internal FRET energy-transfer

processes (homo-FRET in black and hetero-FRET in
white).

Cerdan et al., Nature Photonics volume 6, pages576—-577 (2012)


https://www.nature.com/nphoton

Some future challenges

Energy transfer

Distinguishing energy vs. electron transfer

* Spectroscopic signatures of EnT can overlap with electron transfer,
exciplex formationor charge-transfer states.

* Unambiguous assignment of mechanisms (Forster, Dexter, coherent
transfer) is often difficult.

Distinguish between Forster and Dexter EnT in the “intermediate”region
(mixed transfer)

EnT in systems with static and/or dynamic disorder (e.g. orientation and
distance dependence, aggregation)

Effect of the environment in EnT

Ultrafast and coherent energy transfer and correlation to steady-state
measurements

Competing pathways and losses (effect of traps, exciton-exciton
annihilation at high-exciton dens.)

Design and control
* Rational design of systems with predictable energy transfer pathways.

* Tuning spectral overlap, coupling strength, and excited-state lifetimes
simultaneously.

Electron transfer

Theory and experiment

* Marcus theory in the case of strong coupling

* Ultrafast (sub-ps) ET

* Through-space vs through-bond transfer

* Incorporating nuclear quantum effects, solvent dynamics, and non-
equilibrium effects remains difficult.

Role of the environment (solvent reorganization, interfaces, proteins, solids,
delocalization in crystalline systems)

Ultrafast and non-adiabatic dynamics
Long-range electron transfer (distance dependence of tunneling)

Electron transfer in complex systems

* ET in biological systems (enzymes, photosynthesis) involves:

* Conformational dynamics

* Multiple competing pathways

* ETin disordered materials suffers from energetic and structural
heterogeneity.

Distinguishing ET from competing processes (energy transfer, solvation,
exciton migration).

Design challenges
* Rationally designing molecules and materials with tailored ET rates for
organic photovoltaics, charge transport layers.
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